Metal-Semiconductor Field Effect Transistors (MESFETs) with gate area up to 48000 pm2 have been designed and fabricated using an ion-implanted GaAs monolithic process. They have been characterized at 300 K and in particular at 77 K and4 K as they will be used at the input stage of low-noise preamplifiers for different kinds of cryogenic particle detectors. A single device with W = 6OOO pm has a l/fnoise sufficiently low to substitute it for a group of ten discrete MESFETs of the best quality put in parallel at the input of voltage-sensitive preamplifiers for bolometric detectors. A substantial reduction of noise, with high speed and low power dissipation was obtained in a prototype of a preamplifier designed for LAr calorimetry. Using the SPICE parameters extracted from measurements done on the present FETs, we have designed monolithic low noise preamplifiers for the mentioned applications. The chips are presently under fabrication.
I. INTRODUCTION
A class of cryogenic detectors used in experiments on nuclear and subnuclear physics are sensitive to the phonon flux produced by an impinging particle which deposits energy in the detector's absorbing medium [l]. Bolometers, in particular, are sensitive: to the heat delivered by a single particle, and the consequent rise of temperature is measured by means of a thermistor thermally attached to the absorber [2]. To be able to measure the tiny temperature increase, a bolometric detector must operate at extremely low temperatures, in the range of 10 mK. Thermal power injected through the wires which connect the sensor to the readout circuit, may not allow to reach the necessary low operating temperature. If the wires are thermalized along their path, an electrical capacitance is introduced, which will cause an excessive integration of h e signal when the sensor impedance is very high, larger than a few hundred megohms. A way to solve this problem is to use a preamplifier circuit located close to the detector, therefore able to operate at very low temperature, mounted on the internal LHe reservoir of the refrigerator.
Another class of detectors used in particle physics at very low temperatures is the cryogenic liquid calorimeter which, in order to reduce the charge transfer time from detector to preamplifier, also requires a front-end circuit located close to each detector cell [3]. In this case the operating temperature of the electronics will be 87 K if the calorimeter is based on LAr, or 120 Kif based on LKr.
The lowest possible temperature of operation of a fieldeffect transistor (FET) used in the realization of low-noise read-out circuits is limited by two phenomenx carrier freezeout and reduction in mobility [4] . It is well known that the optimum temperature of operation for a Si JFET is about 120 K, and that below that temperature, carrier freeze-out causes a fast reduction in transconductance in a small temperature interval, making these devices totally unusable below about 60 K. In the GaAs MESFETs, instead, the lower effective mass of the electrons determines two effects: the ionization energy for the dopant impurities is lower and the semiconductor becomes degenerate at a relatively low dopant concentration. As a consequence, at the normal doping concentration of a GaAs MESFET channel, there is possibly no freeze-out of carriers even at the lowest temperature. In addition, at cryogenic temperatures these devices show a strong reduction of the l/f noise which originates in generation-recombination processes. The factor of merit Hf of the I/f noise, defined as the product of the noise power spectrum coefficient Af times the device input capacitance C , . can reach at 4 K (for a properly dimensioned and biased device) levels comparable to those of a good Si JFET operated at 300 K. Furthermore, the high electron mobility in the MESFET channel determines a high transition frequency, a fundamental parameter in fast, low noise, and low power applications. Upon facing the problem of readout at 4 K described above, and after finding very interesting properties in GaAs FETs at low temperatures, useful for the mentioned applications, we have proposed this type of technology as an alternative to the more classical and extensively studied Si JFET for the readout of cryogenic particle detectors [5] . A large number of GaAs based low-noise preamplifiers have been used either at 4 K in experiments on rare events or, more 
II. A GaAs MESFET FOR PARTICLE PHYSICS
GaAs MESFETs have been developed and are produced by the semiconductor industry for applications above -lGHz.
Gate-length is typically kept as short as possible, 0.5 p m or 0018-9499/94$04.00 0 1994 IEEE less, and the input capacitarice is also low since the gate width is, in a standard discrete device, at most 1600 pm. This geometry is not the best for the applications in particle physics mentioned in the introduction.
Low noise preamplifiers for detectors with capacitive impedance make a minimum contribution to the equivalent noise charge (ENC) at the matching condition, that is when the capacitance of the input device equals the detector capacitance. This is evident in the following expression [9]:
where y is a coefficient which depends on the drain-source voltage and temperature of operation of the FET, WT= gm/Cu the gain-bandwith product of the input device, f f~l is a numerical parameter depending on the shaper following the preamplifier, CD the detector capacitance, tm the measuring time, k Boltzmann's constant, T the absolute temperature and m = Q/CU the ratio of detector capacitance to the capacitance of the input device. A detector with hundreds of picofarads requires a FET with large gate area, although to limit the power dissipation, a smaller device can be used with a small deterioration in the E51C [lo]. So far, limited gate area of available MESFETs obliged the use of many discrete FETs in parallel to reach a suitable matching factor.
It can also be observed that a high transition frequency mT reduces the contribution of the white series noise term in expression (1) making unnecessary to work with matching factors close to unity to get low noise at short shaping times.
Also, a high WT determines a low input resistance Ri for a charge preamplifier at the frequencies of interest since:
where CF is the feedback capacitance.
Finally, the factor of merit Hf= AfCa is, for a properly biased FET, low enough to assure a negligible contribution of the Z/f noise to the ENC at short shaping time even after high radiation levels. This caracteristic is essential for applications in hadron colliders.
For voltage-sensitive preamplifiers operating at 4K, as required by bolometric detectors, a low level of noise at frequencies below 100 Hz is required, and this can be reached with MESFETs with a large gate area and with the optimum gate length that assures the minimum Z/f noise. For this application paralleled devices have also been used to match the required noise performances [ 1 11.
After testing a chip designed to characterize a monolithic GaAs process at cryogenic temperatures [ 121, we have designed and produced MESFETs with gate areas up to 48000 pm* which exhibit excellent noise and dynamic performance at cryogenic temperatures. The description of these FETs and the results obtained are reported below.
MESFET FABRICATION
The field-effect transistors have been fabricated using an ion-implated GaAs process (TriQuint's QED/A) in which double-metal and air bridges are available. A matrix structure was used in the layout with the source and drain metalization running perpendicular to the second metalization that contacted the gate fingers. In this way a low resistance was obtained in the gate contact despite the large gate area of the FET. A group of 16 large FETs was fabricated with W = 6OOO pn or 12000 pm and Lg from 2 to 5 pm (Fig 1) .
Fig 1. Microphotograph of the array of large gate-area

MESFETs . (A bonding pad is 80 x 80 pm2).
The chips have been mounted in 28 pin U-lead ceramic chip carriers using Epotek H-20 silver-epoxy. No special problems have been observed after several immersions in liquid Helium &He) or in liquid nitrogen (LN2).
IV. STATIC AND NOISE PERFORMANCE
A. Static Pefomnce
The FETs have been caracterized for static performance at LHe, at LN2 and at room temperature. SPICE parameters have been extracted for the simulation of monolithic structures at the actual operating temperature. In this work we concentrate on the results obtained with devices of Lg = 3 pm which are those with the most suitable geometry to be used at the input of low-noise preamplifiers. Figs 2, 3, and 4 shows the static characteristics of a 3 x 12000 p m 2 FET at 300 K, 77 K and 4 K respectively.
At room temperature the FETs present good dynamic performance around an hypothetical bias point {VDS = 1V; ID = 8 mA} where the ratio gm/lo is reasonable high (-10).
At this point the device transconductance is 80 mAN and its dynamic resistance rds = 200 ohm. The value of the intrinsic voltage amplification p = gffl . rds is 16.
When cooling down to 77 K, the expected shift of VGs toward higher values can observed in the plot of Fig 3. At the biasing point { V D~ = 1V; ZD = 8 mA} one gets gm = 125 mAN and p = 13. Transconductance increases at 77 K whereas r& deteriorates. The factor p remains almost the same as at 300 K. The VGs shift has, as expected, the same value of the small FETs fabricated in a mevious run 1121. At 300 K the cutoff ~ current is larger a faitor 12000/50-which is the ratio of the 1v gate widths of present FET and those of the previous run [ 121. Also, the ratio 8 d . D in the substhreshold region reaches the same limit of the small FETs (21 mS/mA). Instead, at cryogenic temperatures the cutoff current, although sufficiently low for any practical purpose, is larger than expected. We attribute this discrepancy to the different geometry used for the FET layout. Edge effects might be more pronounced in the interdigitated matrix structure compared to the simple geometry used for the 50 pm FETs. Regarding the ratio gtn/r, it reaches a limit of 46 mS/mA at 77K. lower than the 76 mS/mA obtained with the small FETs [12]. We will investigate further the origin of the discrepancy observed at cryogenic temperatures. The crossing of the curves in the cutoff region at 77 K and 4 K are probably due to the formation of ice when transfering the device under test from the LN2 to the LHe dewar. 
B. Noise Peflormance
Series noise of all type of FETs have been determined by connecting the device under test @UT) as the input transistor of a charge-sensitive preamplifier. Noise power spectrum is measured at preamplifier's output and it is referred to the input using the corresponding transfer function. The noise power spectrum and transfer function are measured using a spectrum analyser. For low-frequency measurements an HP 3562A was used whereas an HP 4195A was adopted for high frequency.
Low frequency noise was determined mostly at 4 K as the main interest is with bolometric detector applications. On the other side high frequency noise was measured at 77 K because the direct evaluation of the white noise, which determines the ENC at short shaping times, is of interest in LAr calorimetry. Fig. 6 shows the low-frequency noise level at 4 K of a 3 x 6000 p* device. In I;ig 7 we have plotted the product e,2.f as a function of frequency. In this way, the ]@noise region of the spectrum becomes a horizontal line and an "eye" fit for the coefficient A j of the Z@noise can be easily determined [13]. 
x
Joule, higher by a factor sixteen compared to that obtained at 4 K with the same current density but with higher drain voltage. The factor sixteen is justified taking into account a factor about four when passing from 4 K to 77 K [14] , and the rest for the 2 4 noise increase observed at higher VDs values. Regarding the white noise, a value of 2.1 for the parameter y defined in paragraph I1 is extracted, as the transconductance g, is 250 m A N and the white noise These FETs have been used at the input of a prototype of low-noise preamplifier for LAr calorimetry. Details are given in paragraph VI. enwhite = 0.19nVldHZ.
V. APPLICATIONS IN BOLOMETRIC DETECTORS
The evaluation of the FETs and the extraction of SPICE parameters at 4 K allowed the design of a monolithic voltagesensitive differential preamplifier for bolometric detectors.
Conceptually, the circuit is similar to the one described in ref.
[l5] which operates at room temperature. In addition to the capability of operating at cryogenic temperatures, some improvements have been implemented in the circuit configuration. m e preamplifier has differential output, with a maximum range of 300 mV and it is fully D.C. coupled, as required for large mass bolometric detector aplications. In fact, D.C coupling allows a diagnostic of the detector and its characterization.
The circuit uses FETs with W = 6ooo pm at the input stage. Only 0.3 V is used accross the channel, to keep low the Z/f noise. As said above, the p factor is low with this bias, therefore a special design had to be used to increase the openloop voltage gain. SPICE simulation indicates that it is larger than 2000. Voltage feedback is adopted to set a closed-loop differential gain of 11. In this way the stability in the gain is assured to be less than 5 x against dispersion in the process parameters.
The input impedance is very high, suitable for the signal readout of thermistors with impedances well in excess 100 Megohm. The input noise level has a l/$ distribution and at 100 Hz is estimated to be less than 15 nV/dHz. Input bias current is estimated in less than 10 fA. The simulated dynamic range is about 100 dB for a working signal bandwidth in the range 0.1-100 Hz.
The preamplifiers will be used inside a dilution refrigerator for the readout of a large number of channels of an array of bolometric detectors. The operating temperature of the chips can reach 1 K, but for practical reasons they will operate thermally attached to the 4 K heatsink of the refrigerator. The power dissipation indicated by the simulation ranges between 20 and 40 mW. This level is only 1/4 that of the hybrids used so far in the experiment. The operating power will be set according to the noise level required. The mentioned performance in terms of noise is better than that of presently used hybrid circuits based on SOW FETs [ 1 11.
Tbe new monolithic design has been simulated, layed out and is at present being fabricated. The chips will be available next spring and the result of the evaluation will be reported. Table I The table shows very goud match between both methods. The larger error at tp = 20 ns is due to the existance of additional (parasitic) poles in the transfer function of the shaper. Additional poles increase the contribution of the white noise to the ENC at the same peaking time. At fp = 186 ns the error is due to the contribution of the parallel noise, not considered in eq. (3).
VI. APPLICATIONS IN
The test structure used also showed high speed: by using a feedback capacitance of 15 pF, the preamplifier input resistance was determined to be less than 8 ohms. The main pole was found at 32 MHz and the gain-bandwidth product (GBW) was 1.2 GHz.
The large GBW allows the use of current feedback configuration which is of benefit to handle a high dynamic range. The output to a delta current when the circuit is feedback with a 1 K resistor, and filtered with a CR-RC2 filter, is shown in Fig. 12.   Fig 12: Delta response of the current sensitive configuration followed by a CR-RC2 filter. Feedback resistor is 1K. Input charge is 0.09 pC.
Presently, a monolithic preamplifier for calorimetry with expected performance similar to that found in the test structure is being fabricated.
VII. CONCLUSIONS
GaAs MESFETs optimized for the readout of cryogenic particle detectors have been fabricated using an ion-implanted monolithic process. A single device with W = 6OOO pm can replace, at 4 K, a group of ten discrete MESFETs of the best quality connected in parallel. There is a margin for a further reduction of the factor of merit Hf by optimization of the geometry. The noise performance of a monolithic, differential voltage-sensitive preamplifier recently eveloped using this process is estimated in less than 15nV / 4 Hz at lOOHz at 4K.
By using two large MESFETs in parallel at the input of a charge preamplifier, a reduction in the ENC by nearly a factor close to three, compared to the noise of the state-of-the-art hybrid circuits for LAr calorimetry, was obtained at 77 K. The high speed and low power dissipation of the prototype promise excellent results in a full monolithic preamplifier already developed using this process.
